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Ovule and seed development in six species of Nymphaeales was examined. In the Cabombaceae the two species studied resemble
some extant basal angiosperms by having a hood-shaped outer integument. A micropyle–hilum complex results when the outer
integument and derived testa are lacking between the micropyle and the funiculus, thus the hood-shaped appearance. In the Nym-
phaeaceae the outer integument is annular at an early stage and then cup-shaped though it is semiannular at initiation in Nupar
japonicum and Nymphaea alba. The micropyle and hilum are separated by an intervening testa. Developmental data on the formation
of the outer integument, from semiannular to hood-shaped vs. from annular to cup-shaped, are useful for inferring the morphology of
the outer integument from the relative position of the micropyle to the hilum in seed fossils. The oldest (early Cretaceous) probable
nymphaealean seeds had the micropyle–hilum complex, suggesting that the hood-shaped outer integument may be primitive in the
Nymphaeales. This needs to be tested by examination of this feature in other groups of basal angiosperms.
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Bitegmic and anatropous ovules are common in basal an-
giosperms and are usually considered to be primitive in flow-
ering plants as a whole (Stebbins, 1974; Bouman, 1984; Cron-
quist, 1988; Takhtajan, 1991; Johri, Ambegaokar, and Srivas-
tava, 1992). Only a few authors regard anatropy as derivative
and orthotropy as ancestral (Bocquet and Bersier, 1960). It has
been suggested that the outer integuments are cup shaped and
asymmetrical (Bouman, 1984). However, recent developmen-
tal and morphological studies have shown that in many basal
angiosperms the outer integument is sharply asymmetric and
hood shaped, that is, it is lacking on the concave (funicular)
side of the ovule (Matsui, Imaichi, and Kato, 1993; Umeda,
Imaichi, and Kato, 1994; Imaichi, Kato, and Okada, 1995;
Endress and Igersheim, 1997, 1999; Igersheim and Endress,
1997, 1998; see also Johri, Ambegaokar, and Srivastava,
1992).
The origin of bitegmy has been variously interpreted in con-
trast to the agreement on the origin of the first (inner) integ-
ument by fusion of telomes (Herr, 1995). Crane (1985, 1986)
and Doyle and Donoghue (1986, 1987) postulated that the out-
er integument is derived from the leafy lamina of a Caytonia-
like ancestor, while the carpel enclosing ovules is derived by
lateral expansion of its leaf axis. It is also hypothesized that
the bitegmic ovules have been derived from unitegmic and
orthotropous ovules of glossopterid-like gymnosperms by the
enclosure of the unitegmic ovules by the ovuliferous leaf to
form the outer integument (Stebbins, 1974; Dahlgren, 1983;
Kato, 1990; Stewart and Rothwell, 1993; Umeda, Imaichi, and
Kato, 1994; Imaichi, Kato, and Okada, 1995; Doyle, 1996).
Kato (1991) also speculates that the anatropy is an extreme
modification of the hyponastic curvature of leaves (ovuliferous
leaf). However, the origin of the outer integument and the or-
igin of anatropy are still uncertain, partly because the ovules
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of primitive or basal angiosperms are not well understood even
on a morphological level.
Recent molecular analyses (Mathews and Donoghue, 1999;
Qiu et al., 1999; Soltis, Soltis, and Chase, 1999) suggest Am-
borellaceae are the sister group to all other angiosperms and
the Nymphaeales are the next group to diverge in angiosperm
phylogeny.
Nymphaeales are a monophyletic group composed of two
families, Cabombaceae and Nymphaeaceae. Cabombaceae are
composed of two genera, Brasenia and Cabomba, while Nym-
phaeaceae are composed of three subfamilies—Nupharoideae,
including a single genus, Nuphar; Barclayoideae, including a
single genus, Barclaya; and Nymphaeoideae, including four
genera, Euryale, Nymphaea, Ondinea, and Victoria (Les and
Schneider, 1995; Takhtajan, 1997; Les et al., 1999).
Ovules of Nymphaeales are uniformly bitegmic and cras-
sinucellate but vary in their orientation from anatropy to or-
thotropy (Khanna, 1965, 1967; Moseley, 1972; Schneider,
1976, 1978; Williamson and Moseley, 1989; Johri, Ambegao-
kar, and Srivastava, 1992; Igersheim and Endress, 1998). Var-
iations within a group may provide useful data for understand-
ing the evolution of ovules in basal angiosperms. Collinson
(1980) described the morphology and anatomy of the seeds of
Nymphaeaceae sensu lato (s. l.) with special reference to the
relative position of the micropyle to the hilum in the micro-
pylar region, which was called a circular cap by Collinson.
Furthermore, Collinson (1980) compared seeds of living and
fossil taxa of the Nymphaeales. The significance of compar-
ative neo- and paleobotanical studies is increasingly obvious,
because approaches combining fossil data with molecular data
improve phylogenetic interpretations. Fossil records of delicate
ovules are scarce as compared to seed fossils due to taphon-
omical bias (Holyoak, 1984). Therefore, combined data of
seed fossils and extant angiosperm ovules are useful for de-
termining the primitive characteristics of ovules.
The purposes of this study were to: (1) illustrate the varia-
tions of the outer integument in six species of Nymphaeales;
(2) suggest evolutionary changes of ovule shapes relative to
outer integument, and; (3) compare ovules and seeds of the
order. In this study, the ovules and seeds of Cabombaceae,
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TABLE 1. Plants used in this study.
Family or subfamily
(Takhtajan, 1997) Species Source Voucher
Cabombaceae Cabomba carloliniana A.
Gray
Tamiyaji, Tamaki, Mie Pref., Ja-
pan
Yamada 991001




Nupharoideae Nuphar japonicum DC. Botanical Garden, Nikko, Uni-
versity of Tokyo, Nikko, To-
chigi Pref., Japan
Yamada 990501
Nymphaeoideae Nymphaea alba L. Honsenji, Seto, Aichi Pref., Ja-
pan
Yamada 990502
Euryale ferox Salisb. Eigashima, Akashi, Hyogo Pref.,
Japan
Yamada 990702
Victoria cruziana Orbign. Karanambo, Guyana Yamada 990901
Nupharoideae, and Nymphaeoideae except for Ondinea were
examined. Those of Barclayoideae (Barclaya longifolia Wall.)
and Ondinea were not examined because they have been well
described by Schneider (1978) and Schneider and Ford (1978),
respectively.
MATERIALS AND METHODS
Flowers and fruits of the Cabombaceae, Nupharoideae, and Nymphaeoideae
(except for Ondinea) were collected in successive developmental stages and
vouchers were prepared for the University of Tokyo herbarium (Table 1).
The materials were fixed in a mixture of 5% formalin, 5% acetic acid, and
50% ethyl alcohol (FAA), dehydrated in an ethyl alcohol series, and embed-
ded in HistoResin Plus (glycol methacrylate, Leica, Heidelberg) or dehydrated
in an acetone series and embedded in Spurr resin (TAAB, Berks, UK). They
were cut into 2–3 mm thick sections and stained with safranin, toluidine blue,
and orange G (Jernsteadt et al., 1992).
For scanning electron microscopic (SEM) observations, fresh materials
were molded using epoxy resin (Replica SEM method: Williams, Vesk, and
Mullins, 1987) or dehydrated in an ethyl alcohol series and t-butyl alcohol
and freeze-dried. They were coated with platinum-palladium. Material was
observed in a scanning electron microscope (JEOL JSM-820S) at 10–20 kV.
RESULTS
Cabombaceae—The ovules are anatropous (Figs. 7, 15), bi-
tegmic, and crassinucellate in both genera (Figs. 4, 12). The
inner integument is annular or ring-like even in an early stage
(Figs. 2, 3) and consequently cup-shaped in both genera (Figs.
4–7, 12–15). The genera exhibit very similar patterns of ovule
development.
At an early stage in Brasenia schreberi the ovular primordia
curve inward before the initiation of integuments (Fig. 1). The
outer integument initiates on the convex and lateral sides just
below the inner integument, that is, it is semiannular (Figs. 2,
3). The outer integument ends at the lateral sides of the fu-
niculus. After the ovule incurvation has finished, the outer
integument is hood shaped and has no outgrowth on the con-
cave side of the funiculus in both genera (Figs. 4, 5, 12, 13).
In mature ovules of both genera the micropyle is surrounded
only by the inner integument, i.e., composed of the endostome
(Figs. 7, 15). The inner integument is two cells thick except
in the micropylar region where the epidermis divides periclin-
ally and thickens to form an operculum before maturity (Figs.
6, 14). In Cabomba caroliniana the operculum is very thick
in contrast to the other part of the inner integument (Fig. 14).
The hood-shaped outer integument is three or four cells thick
in Brasenia schreberi (Fig. 6) and two cells thick in Cabomba
caroliniana (Fig. 14).
In postfertilized ovules of Brasenia schreberi the inner in-
tegument appears plicated (Figs. 8, 10: which is also the case
with mature seeds of Cabomba caroliniana, Fig. 16). The out-
er epidermal cells of the outer integument enlarge without per-
iclinal divisions and develop into a unilayered exotesta (Fig.
8). The exotesta thickens more than the other layers of the
outer integument and the inner integument, and consequently
the micropyle of immature seeds is apparently formed by the
exostome and endostome (Figs. 8, 9). There is no testa (de-
veloped from the outer integument) between the hilum and the
endostome, because no additional tissue forms between the
two during seed maturation (Figs. 8, 9). Eventually the hilum,
consisting mostly of vascular bundles in mature seeds, is ad-
jacent to the endostome. We apply the term micropyle–hilum
complex to this structure (Figs. 10, 11, 16, 17).
In mature seeds of both genera the exotesta is sclerified, so
that the seeds are exotestal (Figs. 10, 16). In Brasenia schre-
beri the exotestal cells in the circular cap are rectangular in
contrast to lobed cells of the surrounding region (Fig. 11). In
Cabomba caroliniana the exotestal cells are smaller in the
circular cap than in the surrounding region (Figs. 16, 17). In
Brasenia schreberi the outer cell walls of the exotesta are very
thick (;150–200 mm) and as thick as, or thicker than, its
lumens (Fig. 10). In Cabomba caroliniana the cell walls of
the exotesta are much thinner than in Brasenia schreberi (;20
mm; Fig. 16).
Nupharoideae (Nuphar japonicum)—The ovules are anat-
ropous (Figs. 26, 27), bitegmic, and crassinucellate (Fig. 20).
The inner integument is annular at an early stage when the
ovules are weakly curved inward (Figs. 18, 19) and eventually
cup shaped (Figs. 20–23, 26, 27). The outer integument ini-
tiates on the convex and lateral sides of the ovular primordia,
and it is semiannular (Figs. 18, 19). The outer integument ends
on the concave side near the lateral sides of the funiculus. At
a little later stage the growth of the outer integument proceeds
to the concave side of the funiculus but in the center on the
concave side (Figs. 20, 21). As the ovules are further incurved,
the development of the outer integument extends to the center
on the concave side of the funiculus (Figs. 22, 23), so that it
becomes cup shaped. The submarginal part of the outer integ-
ument on the concave side of the funiculus is four cells high
(Fig. 24), the median part two cells high (Fig. 22), and the
submedian part three cells high (Fig. 25). Thus, the outer in-
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Figs. 1–7. Ovules of Brasenia schreberi at successive stages of development. 1. Median londitudinal section (MLS) of incurved ovular primordium. 2. MLS
of young ovule with the inner and outer integuments initiating. 3. SEM micrograph of young ovule at a similar stage to that of Fig. 2. 4. MLS of immature
anatropous ovule. Note that there is no outer integument on the concave side. 5. SEM micrograph of immature ovule at a similar stage to that of Fig. 4. 6.
MLS of mature ovule, showing no outer integument on the concave side. 7. SEM micrograph of mature ovule with the operculum projecting. Scale bars 5
100 mm.
Figure Abbreviations: a, aril; et, exotesta; f, funiculus; h, hilum; i, inner integument; m, micropyle; m–h, micropyle–hilum complex; o, outer integument; op,
operculum; mt, mesotesta.
tegument is developed to the least extent in the center on the
concave side of the funiculus.
In mature ovules the outer integument is five to eight cells
thick (Fig. 26). The weaker development of the outer integu-
ment in the center on the concave side of the funiculus results
in a depression of the outer integument on the concave side
(Fig. 27). The micropyle is formed only by the endostome,
the tip of the inner integument being exposed beyond the outer
integument (Figs. 26, 27). The inner integument is two cells
thick except in the micropylar region, which develops into an
operculum (Fig. 26).
In postfertilized ovules the inner integument is plicated or
crushed except for the operculum, while the outer epidermis
of the outer integument develops into an exotesta (Figs. 28,
31). The micropyle is separated from the hilum by the exotesta
(Figs. 29, 30). The circular cap becomes distinct in a surface
view (Fig. 30).
In mature seeds the exotesta is sclerified, so that the seeds
are exotestal (Fig. 34). The sclerified exotestal cells surround
the endostome in a cross section, showing that the testa occurs
between the hilum and the micropyle also in this stage (Fig.
32; see also Fig. 33 for a relative position of the micropyle to
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Figs. 8–11. Seeds of Brasenia schreberi at different stages of development. 8. MLS of the micropylar part of immature seed. 9. SEM micrograph of
immature seed at a similar stage to that of Fig. 8. Note that the operculum and hilum are surrounded by the exotesta. 10. MLS of the micropylar part of mature
seed. 11. SEM micrograph of mature seed showing the micropyle–hilum complex. Double-headed arrow indicates the realm of the circular cap. Scale bars 5
100 mm.
the hilum from a surface view). A longitudinal section shows
that there are sclerified exotestal cells adjacent to parenchy-
matous cells of the hilum (Fig. 35). Thus, the hilum is adjacent
to the micropyle but separated from it by the exotesta. The
exotestal cells that compose the circular cap in the periphery
of the micropyle are smaller than surrounding cells (Fig. 34).
Nymphaeoideae—The ovules are anatropous or hemiana-
tropous (Figs. 38, 48, 56), bitegmic, and crassinucellate in the
species examined (Figs. 36, 46, 56; see Williamson and Mose-
ley [1989] for Ondinea purpurea). The inner integument is
annular (Figs. 36, 37, 44, 45), then cup shaped and two cells
thick except in the micropylar region where it thickens to form
an operculum (Figs. 38, 46, 48, 56).
At an early stage, the outer integument is semiannular in
Nymphaea alba and develops in a similar way to that of Nu-
pharoideae (Figs. 36, 37). In Euryale ferox the outer integu-
ment is annular when the ovules are curved at nearly right
angles to the funiculus (Figs. 44, 45). At a little later stage
when the outer integument develops to almost the same height
as the inner integument, the outer integument becomes cup
shaped (Figs. 46, 47). The ovules become bent a little more
and eventually are hemianatropous (Figs. 48, 49).
In mature ovules of all species examined the outer integu-
ment is asymmetrically cup shaped. The micropyle is formed
by the endostome and exostome, although the exostome is
loose (Figs. 38, 48, 56). Williamson and Moseley (1989) il-
lustrated that Ondinea purpurea also has a cup-shaped outer
integument. In Nymphaea alba the outer integument is four or
five cells thick (Fig. 38). In Euryale ferox and Victoria cru-
ziana it is very thick (;200–300 mm: Figs. 48, 56).
In postfertilized ovules of Nymphaea alba and Euryale ferox
the inner integument is plicated or crushed except for the oper-
culum (Figs. 40, 52), as in the mature seed of Victoria cru-
ziana (Fig. 58). The outer epidermis of the outer integument
grows into an exotesta (Figs. 42, 50, 52). In Nymphaea alba
the parenchymatous subdermal layer of the outer integument
does not thicken well during the seed maturation (Fig. 40, 42).
In Euryale ferox the outer epidermis of the outer integument
in the micropylar region enlarges so strongly that the circular
cap becomes distinct (Figs. 50, 51). The parenchymatous cells
of the outer integument (mesotesta), except in the micropylar
region, divide both periclinally and anticlinally, so that the
testa thickens. By contrast, the micropylar region remains rel-
atively thin (Fig. 52) and is recognized more distinctly as a
circular cap (Fig. 53).
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Figs. 12–17. Ovules and seeds of Cabomba caroliniana at different stages of development. 12. MLS of young ovule. Note that there is no outer integument
on the concave side. 13. SEM micrograph of young ovule at a similar stage to that of Fig. 12. 14. MLS of the micropylar region of mature ovule, showing
well-developed operculum. 15. SEM micrograph of mature ovule. 16. MLS of the micropylar region of mature seed. Arrowheads indicate boundaries between
the circular cap and the proximal exotesta. 17. SEM micrograph of mature seed showing the micropyle–hilum complex in the circular cap. Double-headed
arrow indicates the realm of the circular cup. Scale bars 5 100 mm.
In mature seeds the hilum and the micropyle are separated
by an intervening testa derived from the outer integument in
all species examined (Figs. 43, 55, 59). It is the same as in
Ondinea purpurea (Schneider and Ford, 1978). In Nymphaea
alba the exotesta is sclerified and the parenchymatous cells of
the testa are crushed, resulting in the exotestal seed. The ex-
otestal cells are less sclerified and smaller in the micropylar
region than in the surrounding region, so that the circular cap
is recognizable (Fig. 42). In Euryale ferox the exotesta is scler-
ified and the mesotesta is very thick (850–1000 mm) and also
sclerified (Fig. 54). So the seeds are exomesotestal, although
described to be exotestal by Collinson (1980). In Victoria cru-
ziana the seeds are exotestal with the exotestal cells composed
of very small lumens and thick cell walls. The layer of par-
enchymatous cells beneath the exotesta is very thick (150–200
mm), and these cells are crushed except in the circular cap
where they become sclerified (Fig. 58).
DISCUSSION
The ovules of Nymphaeales are classified into two groups
with respect to outer integument morphology: one group (Ca-
bombaceae: Brasenia schreberi [Khanna, 1965; Richardson,
1969] and Cabomba caroliniana) has the hood-shaped outer
integument. The other (Nymphaeaceae: Nuphar japonicum,
Nymphaea alba, Euryale ferox, and Victoria cruziana, which
is illustrated by Khanna [1967] and Schneider [1976]) has the
cup-shaped outer integument. In Brasenia and Cabomba the
hood-shaped outer integument develops from the young sem-
iannular integument. The results of our developmental studies
are in accord with Igersheim and Endress’ (1998) descriptions
of mature ovules for these genera except for Nymphaea and
Nuphar in which Igersheim and Endress stressed intraspecific
variations of ovules. Such variations were not detected in this
study.
The outer integument of Nuphar japonicum, which is the
sister group to all other Nymphaeaceae (Les et al., 1999), is
developmentally intermediate between hood-shaped and cup-
shaped forms. It is semiannular in a very early stage of de-
velopment and cup shaped with a depression on the concave
side in the mature ovule. Preliminary observations (data not
shown) show that the outer integument is constantly cup
shaped at maturity in Nymphaea tetragona, although the spe-
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Figs. 18–26. Ovules of Nuphar japonicum at successive stages. 18. Nearly median longitudinal section of young ovule with the inner and outer integuments
just initiating. 19. SEM micrograph of ovule at a little later stage than that of Fig. 18. Arrowheads indicate the ends of the semiannular outer integument. 20.
Nearly median longitudinal section of young ovule at later stage than that of Fig. 18. Note that the outer integument does not grow on the concave side. 21.
SEM micrograph of ovule at a similar stage to that of Fig. 20. Arrowhead indicates the place where there is no outgrowth of outer integument. 22. MLS of
older ovule that has nearly finished incurvation. Note that the outer integument on the concave side is two cells high. 23. SEM micrograph of ovule at a similar
stage to that of Fig. 22. 24. Sagittal longitudinal section through the marginal part of the same ovule as that of Fig. 22. Note the four-cell-high outer integument.
25. Submedian longitudinal section of the same ovule shown in Fig. 22. Note that the outer integument is three cells high. 26. Nearly median longitudinal
section of the micropylar region of mature ovule, showing the developed outer integument on the concave side and the operculum. Scale bars 5 100 mm.
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Figs. 27–35. Ovule and seeds of Nuphar japonicum at successive stages. 27. SEM micrograph of mature ovule. Arrowhead indicates depression on the
concave side. 28. MLS of immature seed. Note thin exotesta between the micropyle (operculum) and hilum. 29. SEM micrograph of immature seed at a similar
stage to that of Fig. 28. Note the micropyle (operculum) is separated from the hilum. 30. SEM micrograph of immature seed at a later stage than that of Fig.
29. Double-headed arrow indicates the realm of circular cap with the micropyle and hilum. 31. MLS of immature seed at a similar stage to that of Fig. 30. 32.
Cross section through the micropylar region of mature seed. Note radial cell files round the operculum, separating the spongy-like hilum from the operculum.
33. SEM micrograph of mature seed. 34. MLS of mature seed. Arrowheads indicate the boundaries between the circular cap and the proximal exotesta. 35.
Magnified micropylar region of Fig. 34, showing the exotesta between the micropyle (operculum) and the hilum. Scale bars 5 100 mm.
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Figs. 36–43. Ovules and seeds of Nymphaea alba at different stages. 36. MLS of young ovule with the outer integument not yet initiating on the concave
side. 37. SEM micrograph of young ovule at a similar stage to that of Fig. 36. Arrowheads indicate the ends of the semiannular outer integument. 38. MLS of
mature ovule with the outer integument on the concave and convex sides. 39. SEM micrograph of mature ovule with the aril removed. 40. MLS of immature
seed. 41. SEM micrograph of immature seed at a similar stage to that of Fig. 40. 42. MLS of mature seed with the aril removed. Note the existence of testa
between the micropyle and the hilum. Arrowheads indicate the boundaries between the circular cap and the proximal exotesta. 43. SEM micrograph of mature
seed. Double-headed arrow indicates the realm of the circular cap including the micropyle and hilum. Scale bars 5 100 mm.
cies was described by Igersheim and Endress (1998) to have
a hood-shaped outer integument in some ovules and the cup-
shaped in the others. Our observations show that in Nymphaea
alba the mature outer integument is cup shaped though it is
semiannular at a very early stage of development (but later
annular). In addition, many other species of Nymphaea are
illustrated to have a cup-shaped outer integument at maturity,
such as N. stellata (Khanna, 1967) and N. gigantea (Batygina,
Kravtsova, and Shamorov, 1980). This study and previous re-
ports indicate Nymphaea has a cup-shaped outer integument.
Collinson (1980) pointed out differences among the nym-
phaealean seeds with regard to the relative position of the mi-
cropyle to hilum, but evidence for the developmental relation-
ship between these seed characters and the relevant characters
of ovules was not available. In seeds of Cabombaceae in which
the micropyle–hilum complex develops from ovules with a
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Figs. 44–51. Ovules and seeds of Euryale ferox at successive stages. 44. MLS of a little incurvating young ovule. Note the existence of the outer integument
on the concave side. 45. SEM micrograph of ovule at a similar stage to that of Fig. 44, showing the annular outer integument. 46. MLS of ovule at a later
stage than that of Fig. 44. Note the well-developed outer integument on the concave side. 47. SEM micrograph of ovule at a similar stage to that of Fig. 46.
48. MLS of mature hemianatropous ovule. 49. SEM micrograph of mature ovule. 50. MLS of immature seed. Arrowheads indicate the boundaries between the
circular cap and the proximal exotesta. 51. SEM micrograph of immature seed at a similar stage to that of Fig. 50. Double-headed arrow indicates the realm
of circular cap. Scale bars 5 100 mm.
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Figs. 52–59. Seeds of Euryale ferox and ovules and seeds of Victoria cruziana at different stages. Arrowheads indicate the boundaries between the circular
cap and the proximal exotesta. Double-headed arrows indicate the realm of the circular cap. Figs. 52–55. Seeds of Euryale ferox. 52. MLS of immature seed
at a later stage than that of Fig. 48, showing the existence of the exotesta between the micropyle and the hilum. 53. SEM micrograph of immature seed at a
similar stage to that of Fig. 52. 54. MLS of mature seed. Note the more sclerified mesotesta than that of Fig. 52. 55. SEM micrograph of mature seed with a
distinct circular cap. Figs. 56–59. Ovules and seeds of Victoria cruziana. 56. MLS of mature ovule. 57. SEM micrograph of mature ovule. 58. MLS of mature
seed with the micropyle and the hilum separated. 59. SEM micrograph of mature seed. Note that the circular cap is not distinct. Scale bars 5 1 mm in Figs.
52–55; 500 mm in Figs. 56–59.
hood-shaped outer integument, the absence of the outer integ-
ument between the funiculus and the micropyle throughout
development results in the lack of the testa in that region. In
contrast, in members of the Nymphaeoideae in which the outer
integument is cup shaped, the hilum is separated from the mi-
cropyle by the testa, which developed from the outer integu-
ment intervening between the funiculus and the micropyle. In
Nuphar with an intermediate type of outer integument, the
micropyle and hilum are separated by a very narrow testa.
A similar manner of development from the ovules with the
hood-shaped outer integument to the seeds with the micro-
pyle–hilum complex is suggested here for the Annonaceae by
comparing the ovules (Imaichi, Kato, and Okada, 1995) with
the seeds (Corner, 1949, 1976). It is the case with the Her-
nadiaceae, Lauraceae, and Winteraceae (Corner, 1976; Heo
and Tobe, 1995; Endress and Igersheim, 1997; Igersheim and
Endress, 1997). These four families are basal to eudicots (Qiu
et al., 1999; Soltis, Soltis, and Chase, 1999).
The above developmental data indicate that the morphology
of the outer integument is able to be inferred from the seeds.
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The oldest probable nymphaealean seeds from the Lower Cre-
taceous (Barremian to Aptian?) of Portugal (Friis, Pedersen,
and Crane, 1999) have the micropyle–hilum complex, sug-
gesting that ovules with the outer integument hood-shaped al-
ready existed in early Cretaceous. Therefore it seems possible
that the hood-shaped outer integument is primitive in the Nym-
phaeales, as has also been argued for other basal angiosperms
(Matsui, Imaichi, and Kato, 1993; Umeda, Imaichi, and Kato,
1994; Imaichi, Kato, and Okada, 1995).
Considering together the fossil data and the phylogenetic
relationship of the Nymphaeales (Les et al., 1999), an evolu-
tionary trend is suggested with the anatropous ovules with the
hood-shaped outer integument evolving into the anatropous
ovules with the cup-shaped outer integument via an interme-
diate type of ovule, as seen in Nuphar, and further into the
orthotropous ovules of Barclaya with the cup-shaped outer
integument (Schneider, 1978).
Seeds of Nymphaeales are characterized by the circular cap
at the micropylar end (Collinson, 1980). This structure is use-
ful to identify the fossil seeds of the Nymphaeales (Collinson,
1980; Friis, Pedersen, and Crane, 1999). The spatial relation-
ships between the circular cap and the micropyle and hilum
were argued by Collinson (1980). The circular cap was defined
from its appearance. We noted the circular cap is associated
with the histology of the exotestal cells and in some species
mesotestal cells, and both kinds of cells are smaller and less
sclerified than those in surrounding seed coat. We also ob-
served that in Euryale ferox the circular cup does not include
the hilum, its area being smaller than circumscribed by Col-
linson (1980).
There is a difference in micropyle structure among the
Nymphaeales. The micropyle is endostomic or composed of
the inner integument in Brasenia, Cabomba (Cabombaceae),
Nuphar (Nupharoideae), and Barclaya (Barclayoideae; see Ig-
ersheim and Endress, 1998), whereas it is both endostomic and
exostomic or composed of the inner and outer integuments in
Euryale, Nymphaea, Ondinea (Williamson and Moseley,
1989), and Victoria (Nymphaeoideae). A phylogenetic tree
(Les et al., 1999) suggests that the endostomic micropyles are
ancestral to the double endo- and exostomic ones in the Nym-
phaeales. Many other basal angiosperms including the basal-
most Amborella also have endostomic micropyles (Johri, Am-
begaokar, and Srivastava, 1992; Imaichi, Kato, and Okada,
1995; Endress and Igersheim, 1997; Igersheim and Endress,
1997, 1998), suggesting the primitiveness of endostomy.
In Arabidopsis thaliana, a model plant of molecular genet-
ics, the outer integument initiates first on the convex side of
the ovules and its development is repressed on the concave
side, resulting in an asymmetrically cup-shaped outer integu-
ment similar to that of Nuphar and Nymphaea (Gaiser, Rob-
inson-Beers, and Gasser, 1995; Villanueva et al., 1999). This
configuration is considered to be regulated in the way in which
the expression of INNER NO OUTER (INO) gene is repressed
by SUPERMAN (SUP) gene on the concave side of the funic-
ulus (Villanueva et al., 1999). Mutants obtained exhibit a va-
riety of ovules of seed plants. For example, the sup mutant
has orthotropous ovules like those of Barclaya, and the uni-
tegmic orthotropous ovules of the ino mutant apparently re-
semble gymnospermous ovules, implying that the INO gene is
a critical component in the evolution of the outer integument
(Gasser, Broadhvest, and Hauser, 1998). As suggested by some
workers (Gasser, Broadhvest, and Hauser, 1998; Villanueva et
al., 1999), analysis of patterns of expression of such genes in
primitive angiosperms will help us to understand the process
of ovule evolution. Primitive families or orders that have in-
tergeneric variations of the outer integument morphology and
plenty of fossil records, like the Nymphaeales, may be suitable
for the analysis.
LITERATURE CITED
BATYGINA, T. B., T. I. KRAVTSOVA, AND I. I. SHAMOROV. 1980. The com-
parative embryology of some representatives of the orders Nymphaeales
and Nelumbonales. Botaniceskij Zhurnal 65: 1071–1087.
BOCQUET, G., AND J. D. BERSIER. 1960. La valeur syste´matique de l’ovule:
de´veloppments te´ratalogiques. Archives des Sciences 13: 475–496.
BOUMAN, F. 1984. The ovule. In B. M. Johri [ed.], Embryology of angio-
sperms, 123–157. Springer-Verlag, Berlin, Germany.
COLLINSON, M. E. 1980. Recent and Tertiary seeds of the Nymphaeaceae
sensu lato with a revision of Brasenia ovula (Brong.) Reid and Chandler.
Annals of Botany 46: 603–632.
CORNER, E. J. H. 1949. The annonaceous seed and its four integuments. New
Phytologist 48: 332–364.
———. 1976. The seeds of dicotyledons, vols. 1, 2. Cambridge University
Press, Cambridge, UK.
CRANE, P. R. 1985. Phylogenetic analysis of seed plants and the origin of
angiosperms. Annals of the Missouri Botanical Garden 72: 716–793.
———. 1986. The morphology and relationships of the Bennettitales. In R.
A. Spicer and B. A. Thomas [eds.], Systematic and taxonomic approach-
es in palaeobotany, 163–175. Clarendon Press, Oxford, UK.
CRONQUIST, A. 1988. The evolution and classification of flowering plants,
2nd ed. New York Botanical Garden, New York, New York, USA.
DAHLGREN, R. 1983. General aspects of angiosperm evolution and macro-
systematics. Nordic Journal of Botany 3: 119–149.
DOYLE, J. A. 1996. Seed plant phylogeny and the relationships of Gretales.
International Journal of Plant Sciences 157: S3–S39.
———, AND M. J. DONOGHUE. 1986. Seed plant phylogeny and the origin
of angiosperms: an experimental cladistic approach. Botanical Review
52: 321–431.
———, AND ———. 1987. The origin of angiosperms: a cladistic approach.
In E. M. Friis, W. G. Chaloner, and P. R. Crane [eds.], The origins of
angiosperms and their biological consequences, 17–49. Cambridge Uni-
versity Press, Cambridge, UK.
ENDRESS, P. K., AND A. IGERSHEIM. 1997. Gynoecium diversity and system-
atics of the Laurales. Botanical Journal of the Linnean Society 125: 93–
168.
———, AND ———. 1999. Gynoecium diversity and systematics of the
basal eudicots. Botanical Journal of the Linnean Society 130: 305–393.
FRIIS, E. M., K. R. PEDERSEN, AND P. R. CRANE. 1999. Early angiosperm
diversification: the diversity of pollen associated with angiosperm repro-
ductive structures in early Cretaceous floras from Portugal. Annals of the
Missouri Botanical Garden 86: 259–296.
GAISER, J. C., K. ROBINSON-BEERS, AND C. S. GASSER. 1995. The Arabi-
dopsis SUPERMAN gene mediates asymmetric growth of the outer in-
tegument of ovules. Plant Cell 7: 333–345.
GASSER, C. S., J. BROADHVEST, AND B. A. HAUSER. 1998. Genetic analysis
of ovule development. Annual Review of Plant Physiology and Plant
Molecular Biology 49: 1–24.
HEO, K., AND H. TOBE. 1995. Embryology and relationships of Gyrocarpus
and Hernandia (Hernandiaceae). Journal of Plant Research 108: 327–
341.
HERR, J. M., JR. 1995. The origin of the ovule. American Journal of Botany
82: 547–567.
HOLYOAK, D. T. 1984. Taphonomy of prospective plant macrofossils in a
river catchment on Spitsbergen. New Phytologist 98: 405–423.
IGERSHEIM, A., AND P. K. ENDRESS. 1997. Gynoecium diversity and system-
atics of the Magnoliales and winteroids. Botanical Journal of the Linnean
Society 124: 213–271.
———, AND ———. 1998. Gynoecium diversity and systematics of the
paleoherbs. Botanical Journal of the Linnean Society 127: 289–370.
IMAICHI, R., M. KATO, AND H. OKADA. 1995. Morphology of the outer in-
tegument in three primitive angiosperm families. Canadian Journal of
Botany 73: 1242–1249.
JERNSTEADT, J. A., E. G. CUTTER, E. M. GIFFORD, AND P. LU. 1992. Angle
974 [Vol. 88AMERICAN JOURNAL OF BOTANY
meristem origin and development in Selaginella martensii. Annals of
Botany 69: 351–363.
JOHRI, B. M., K. B. AMBEGAOKAR, AND P. S. SRIVASTAVA. 1992. Compar-
ative embryology of angiosperms, vols. 1, 2. Springer-Verlag, Berlin,
Germany.
KATO, M. 1990. Ophioglossaceae: a hypothetical archetype for the angio-
sperm carpel. Botanical Journal of the Linnean Society 102: 303–311.
———. 1991. Further comments on an ophioglossoid archetype for the an-
giosperm carpel: ovular paedomorphosis. Taxon 40: 189–194.
KHANNA, P. 1965. Morphological and embryological studies in Nymphae-
aceae: II. Brasenia schreberi Gmel. and Nelumbo nucifera Gaertn. Aus-
tralian Journal of Botany 13: 379–387.
———. 1967. Morphological and embryological studies in Nymphaeaceae:
III. Victoria cruziana D’Orb. and Nymphaea Stellata Willd. Botanical
Magazine Tokyo 80: 305–312.
LES, D. H., AND E. L. SCHNEIDER. 1995. The Nymphaeales, Alismatidae, and
the theory of an aquatic monocotyledon origin. In P. J. Rudall, P. Cribb,
D. F. Cutler, and C. J. Humphries [eds.], Monocotyledons: systematics
and evolution, 23–42. Royal Botanic Gardens, Kew, UK.
———, ———, D. J. PADGETT, P. S. SOLTIS, D. E. SOLTIS, AND M. ZANIS.
1999. Phylogeny, classification and floral evolution of water lilies (Nym-
phaeaceae; Nymphaeales): a synthesis of non-molecular, rbcL, matK, and
18S rDNA data. Systematic Botany 24: 28–46.
MATHEWS, S., AND M. J. DONOGHUE. 1999. The root of angiosperm phylog-
eny inferred from duplicated phytochrome genes. Science 286: 947–950.
MATSUI, M., R. IMAICHI, AND M. KATO. 1993. Ovular development and
morphology of some Magnoliaceae species. Journal of Plant Research
106: 297–304.
MOSELEY, M. F. 1972. Morphological studies of Nymphaeaceae. VI. Devel-
opment of flower of Nuphar. Phytomorphology 21: 253–283.
QIU, Y., J. LEE, F. BERNASCONI-QUADRONI, D. E. SOLTIS, P. S. SOLTIS, M.
ZANIS, E. A. ZIMMER, Z. CHEN, V. SAVOLAINEN, AND M. W. CHASE.
1999. The earliest angiosperms: evidence from mitochondrial, plastid
and nuclear genomes. Nature 402: 404–407.
RICHARDSON, F. C. 1969. Morphological studies of Nymphaeaceae. IV. Struc-
ture and development of the flower of Brasenia schreberi Gmel. Uni-
versity of California Publications in Botany 47: 1–101.
SCHNEIDER, E. L. 1976. The floral anatomy of Victoria Schomb. (Nymphae-
aceae). Botanical Journal of the Linnean Society 72: 115–148.
———. 1978. Morphological studies of the Nymphaeaceae. IX. The seed of
Barclaya longifolia Wall. Botanical Gazette 139: 223–230.
———, AND E. G. FORD. 1978. Morphological studies of the Nymphaeaceae.
X. The seed of Ondinea purpurea Den Hartog. Bulletin of the Torrey
Botanical Club 105: 192–200.
SOLTIS, P. S., D. E. SOLTIS, AND M. W. CHASE. 1999. Angiosperm phylogeny
inferred from multiple genes as a tool for comparative biology. Nature
402: 402–404.
STEBBINS, G. L. 1974. Flowering plants: evolution above the species level.
Belknap Press of Harvard University Press, Cambridge, Massachusetts,
USA.
STEWART, W. N., AND G. W. ROTHWELL. 1993. Paleobotany and evolution
of plants, 2nd ed. Cambridge University Press, Cambridge, UK.
TAKHTAJAN, A. L. 1991. Evolutionary trends in flowering plants. Columbia
University Press, New York, New York, USA.
———. 1997. Diversity and classification of flowering plants. Columbia
University Press, New York, New York, USA.
UMEDA, A., R. IMAICHI, AND M. KATO. 1994. Ovular development and mor-
phology of the outer integument of Magnolia grandiflora (Magnoli-
aceae). American Journal of Botany 81: 361–367.
VILLANUEVA, J. M., J. BROADHVEST, B. A. HAUSER, R. J. MEISTER, K.
SCHNEITZ, AND C. S. GASSER. 1999. INNER NO OUTER regulates ab-
axial-adaxial patterning in Arabidopsis ovules. Genes & Development 13:
3160–3169.
WILLIAMS, M. H., M. VESK, AND M. G. MULLINS. 1987. Tissue preparation
for scanning electron microscopy of fruit surface: comparison of fresh
and cryopreserved specimens and replicas of banana peel. Micron and
Microscopica Acta 18: 27–31.
WILLIAMSON, P. S., AND M. F. MOSELEY. 1989. Morphological studies of the
Nymphaeaceae sensu lato. XVII. Floral anatomy of Ondinea purpurea
subspecies purpurea (Nymphaeaceae). American Journal of Botany 76:
1779–1794.
